Introduction
============

Reduced activity of bilirubin UDP-glucuronosyltransferase (UGT1A1) causes three types of unconjugated hyper-bulirubinemia: Crigler--Najjar syndrome type I (CN-I), CN type II (CN-II) and Gilbert\'s syndrome.^[@bib1]^ Molecular analysis of *UGT1A1* genes from these patients has identified homozygous nonsense or missense mutations and heterozygous missense or deletion mutations.^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7],\ [@bib8],\ [@bib9]^ The *UGT1A1* gene from CN-II patients usually contains homozygous missense mutations that result in UGT1A1 enzymatic activity that is only ∼10% that of the wild type.^[@bib10]^ However, we previously encountered a unique case of CN-II, in which the UGTA1 gene contained a nonsense mutation (Q331X) on one allele, with no additional mutations in the promoter region or other exons.^[@bib11]^ Normal UGT1A1 mRNA was synthesized in our patient, suggesting that the CN-II was not caused by the abnormal regulation of *UGT1A1* gene expression.^[@bib11]^

UGTs have been reported to form homo- and hetero-dimers *in vitro* and *in vivo*.^[@bib12],\ [@bib13]^ Rat UGT1A family members can form homo- and hetero-dimers.^[@bib13]^ Rat UGT1A and the closely related UGT2B1 form a hetero-dimer,^[@bib14]^ as do guinea pig UGT2B1 and UGT2B22.^[@bib15]^ From these facts and our findings described above, we proposed that in this case CN-II was caused by a dominant-negative mutation of the UGT1A1 gene, and that the formation of a heterologous subunit structure comprising intact and truncated UGT1A1s decreased the UGT activity.

Here, we further analyzed the truncated UGT1A1 (UGT1A1-p.Q331X) from the CN-II patient ([Figure 1](#fig1){ref-type="fig"}) at the molecular level by expressing UGT1A1-p.Q331X in cells. We also showed that intact UGT1A1 forms a dimer by observing UGT1A1 using atomic force microscopy.

Materials and methods
=====================

Plasmids
--------

The *UGT1A1* gene (nucleotides 82--1602) and its mutant derived from a CN-II patient with C→T transition at nucleotide 991 (nucleotides 82--991) were subcloned into pPROEX-1 (pPROEX-UGT1A1) or pMAL-c2 (pMAL-c2-UGT330), respectively. A pEGFP-UGT1A1 construct containing a signal peptide upstream of the gene fusion was also generated. UGT1A1-p.Q331X-Venus or UGT1A1-p.Q331X-mKate2 was constructed by replacing the dsRed in dsRed-UGT1A1-p.Q331X with Venus or mKate2, respectively.

Expression and purification of recombinant UGT1A1
-------------------------------------------------

pPROEX-UGT1A1 or pMAL-c2-UGT330 was transformed into *Escherichia coli* BL21 (DE3). Transformed cells were cultured in an LB medium containing 50 μg ml^−1^ ampicillin at 37 °C until the OD600 was 0.6. Protein expression in pMAL-c2-UGT330 or pPROEX-1-UGT1A1 was induced with 0.1 m[M]{.smallcaps} IPTG for 3 or 12 h at 22 °C, respectively. The cells were collected and then resuspended in lysis buffer (50 m[M]{.smallcaps} Tris-HCl (pH 7.4 at 4 °C), 75 m[M]{.smallcaps} NaCl, 0.5% Triton X-100, 5 m[M]{.smallcaps} 2-mercaptoethanol, 10% glycerol, 1 μg ml^−1^ PMSF, 1 μg ml^−1^ pepstatin A and 0.5 μg ml^−1^ leupeptin) and then disrupted by sonication (50% cycle power 1.5, 5 s, 5 times). The crude sample was centrifuged at 15 000 r.p.m. and 4 °C for 20 min. Protein concentration was determined by the Bradford method.

Pull-down assay
---------------

For the pull-down assay, 300 μg of MBP-UGT1A1 (expressed by pMAL-UGT1A1) or 1000 μg of His-UGT1A1 (expressed by pPROEX-1-UGT1A1) was mixed with His-UGT1A1-p.Q331X (expressed by pPROEX-1-UGT1A1-p.Q331X) for 120 min at 4 °C. Then, 20 μl of Ni^2+^-agarose (Wako, Osaka, Japan) was added to the mixture, followed by another incubation for 120 min at 4 °C. After incubation, the sample was centrifuged and the pellet was washed with 800 μl of wash buffer (50 m[M]{.smallcaps} Tris-HCl (pH 7.4 at 4 °C), 75 m[M]{.smallcaps} NaCl, 0.5% Triton X-100, 5 m[M]{.smallcaps} 2-mercaptoethanol, 10% glycerol, 30 m[M]{.smallcaps} imidazole, 1 μg ml^−1^ PMSF, 1 μg ml^−1^ pepstatin A and 0.5 μg ml^−1^ leupeptin). The proteins bound to the Ni^2+^-agarose were eluted with SDS sample buffer and analyzed by SDS-PAGE followed by western blotting.

Cell fractionation
------------------

293T cells were cultured in 10 cm dishes until 30--50% confluent and then transfected with pEGFP-UGT1A1 and/or pUGT1A1-p.Q331X-mKate2. After 4 h, the medium was changed and the cells were incubated for an additional 48 h. The cells were then collected by centrifugation at 800 r.p.m. for 5 min. The pellet was resuspended in buffer (20 m[M]{.smallcaps} HEPES, 0.25 [M]{.smallcaps} sucrose) and the cells were disrupted with a Dounce homogenizer. One-third of the sample was kept whole and one-third of the sample was solubilized in 1 ml of the radio-immunoprecipitation buffer (0.05 [M]{.smallcaps} Tris-HCl, pH 7.4, 0.15 [M]{.smallcaps} NaCl, 0.25% deoxycholic acid, 1% Nonidet P-40, 1 m[M]{.smallcaps} EDTA, 1% protease inhibitor mixture) and kept on ice for 60 min. The final third of the sample was centrifuged at 43 000 r.p.m. for 60 min. The nuclear and ER fractions were obtained in the pellet and the cytoplasmic fraction was obtained in the supernatant. The pellet was resuspended in 500 μl of the radio-immunoprecipitation buffer and kept on ice for 1 h.

Immunoblotting was performed according to the protocols of Merck Millipore (Darmstadt, Germany) or Wako. The fluorescent signal was detected with a lumino-imaging analyzer (LAS-1000plus, Fujifilm, Tokyo, Japan).

A polyclonal anti-GFP antibody was produced against the following peptide: NH2-CPNPFSYVPRPLSSHSDHMTFLQ-COOH. The anti-tubulin antibody was a kind gift from Dr T Arai. Anti-calnexin, anti-Histone H3 and anti-tRFP antibodies were purchased from Medical & Biological Laboratories (Nagoya, Japan), Sigma-Aldrich Japan (Tokyo, Japan), and Evrogen (Moscow, Russia), respectively. An HRP-labeled mouse monoclonal anti-IgG antibody or rabbit polyclonal anti-IgG antibody was used as a secondary antibody.

Localization of proteins in cells
---------------------------------

HEK293T cells were transfected with expression constructs according to the protocols of LipotrustEX (Hokkaido System Science, Sapporo, Japan). After 4 h, the medium was replaced with fresh, phenol-red-free medium and the cells were cultured for an additional 24 h. The medium was removed and the cells were washed with PBS and then fixed with 4% (v/v) paraformaldehyde. The cells were then observed with confocal microscopy (Zeiss LSM5, Carl Zeiss, Jena, Germany), using laser wavelengths of 488, 514 and 543 nm and BP505--530, LP530 and LP560 filters. Image processing was accomplished by the Zen software (Carl Zeiss) and ImageJ.

ER tracker
----------

Cells were washed with HBSS (0.137 m[M]{.smallcaps} NaCl, 5.4 m[M]{.smallcaps} KCl, 0.25 m[M]{.smallcaps} Na~2~HPO~4~, 0.44 m[M]{.smallcaps} KH~2~PO~4~, 1.3 m[M]{.smallcaps} CaCl~2~, 1.0 m[M]{.smallcaps} MgSO~4~ and 4.2 m[M]{.smallcaps} NaHCO~3~). ER-tracker Red (Life Technologies, Carlsbad, CA, USA) was added to the medium at a final concentration of 100 n[M]{.smallcaps} and the cells were cultured for 15 min at 37 °C.

Fluorescence recovery after photobleaching
------------------------------------------

293T cells expressing EGFP- or Venus-fused proteins were fixed on a glass-bottom dish before photobleaching. The cells were irradiated with a 458- or 488-nm laser and LP505 or LP530 was used as an absorption filter. The gradation and resolution were 12-bit and 128 × 128, respectively, and the Airy unit was two. The bleached area was 2 μm in diameter and there were 200 frames. After 100 scans, the bleaching was initiated. Four scans were carried out during the bleaching. The interval between each frame was 0 s. The fluorescent signal of the entire cell region, the region near the bleaching area and the background were determined over time. The net fluorescence value was obtained by subtracting the background signal from that of the entire cell region or of the region near the bleaching area. The average values before and after bleaching were determined and the relative values between the average fluorescent strength of the region near the bleaching area and of the entire cell region were also calculated. Bleaching efficiency was determined by dividing the average value after bleaching by that before bleaching. The values of the distance and bleach efficiency were entered into the Origin calculation software, and curve-fitting analysis was performed using the bleach constant (*K*) and practice radius (*w*) as the variables to fit them to the formula described below. This experiment was performed for 10 cells, and their averages were determined as the final values for *K* and *w*. The experiments were performed using both live and fixed cells. The relative fluorescent strength for the region of interest was plotted against time and the fluorescence recovery was calculated. Time (*t*) and fluorescent strength were entered into Origin and curve-fitting analysis was performed to fit them to the formula described by Axcelrod.^[@bib16],\ [@bib17]^

AFM analysis
------------

AFM samples were dropped onto a freshly cleaved piece of mica and incubated at room temperature for 10 min. The mica surface was then washed with the Milli Q water. After another 5 min incubation at room temperature, the samples were observed using AFM (Nano-R; Pacific Nanotechnology, Santa Clara, CA, USA) in close contact mode. P-MCU-SICC-0 close contact-mounted cantilevers (Pacific Nanotechnology) were used. AFM images were collected with 512 × 512 pixels under 300 kHz.

Results
=======

Intact UGT1A1 directly binds to UGT1A1-p.Q331X *in vitro*
---------------------------------------------------------

We first determined that UGT1A1 forms an oligomer by Ni^2+^ pull-down assay. His-tagged UGT1A1 and MBP-tagged UGT1A1 were used as bait and prey, respectively. As shown in [Figure 2a](#fig2){ref-type="fig"}, the tagged molecules directly bound each other *in vitro*. We also observed UGT1A1 as a dimer using atomic force microscopy ([Figure 2b](#fig2){ref-type="fig"}). We next determined whether UGT1A1 binds to the UGT1A1-p.Q331X predicted from the CN-II patient\'s UGT1A1 DNA sequence. As shown in [Figure 2c](#fig2){ref-type="fig"}, His-tagged UGT1A1 directly bound to MBP-tagged UGT1A1-p.Q331X in the *in vitro* Ni^2+^ pull-down assay.

UGT1A1-p.Q331X localizes to the endoplasmic reticulum
-----------------------------------------------------

UGTs localize to the ER in hepatocytes or kidney cells to detoxify toxic substrates produced within the body. We first observed the localization of EGFP-UGT1A1 and UGT1A1-p.Q331X-mKate by coexpressing them in 293T cells and using fluorescence microscopy. As shown in [Figure 3](#fig3){ref-type="fig"}, approximately 60% of the UGT1A1-p.Q331X was colocalized with EGFP-UGT1A1 in a mesh-like structure, strongly suggesting that UGT1A1-p.Q331X interacts with UGT1A1 and is retained in the ER. We also confirmed the localization of UGT1A1 and UGT1A1-p.Q331X in the ER by coexpressing them with ER tracker (data not shown).

To confirm the localization of UGT1A1-p.Q331X in the ER, we determined its distribution by fractionating cell lysates into the cytosol and microsome, which included the nuclei, ER and other organelles. As shown in [Figure 4](#fig4){ref-type="fig"}, almost all of the UGT1A1 and UGT1A1-p.Q331X were detected in the microsomal fraction.

UGT1A1 and UGT1A1-p.Q331X are retained in the ER
------------------------------------------------

We next asked whether EGFP-UGT1A1 and UGT1A1-p.Q331X are retained in the ER, using the fluorescence recovery after photobleaching method. As shown in [Figure 5](#fig5){ref-type="fig"}, when we used EGFP as a control, all the fluorescence was recovered within 1 s after applying laser radiation to photobleach a small area within the cytoplasm. In contrast, only 50% of the fluorescence was recovered 10 s after photobleaching when using EGFP-UGT1A1. The fluorescence after photobleaching Venus-tagged UGT1A1-p.Q331X was also more slowly recovered when compared with the control. The diffusion constants of EGFP, EGFP-UGT1A1 and Venus-tagged UGT1A1-p.Q331X were 0.73, 0.078 and 0.48 μm^2^s^−1^, respectively. The average proportion of EGFP-UGT1A1 and Venus-tagged UGT1A1-p.Q331X bound to the ER membrane was 72% and 42%, respectively. These results indicate that EGFP-UGT1A1 is not diffusible and is retained in the ER, and that UGT1A1-p.Q331X is also retained in the ER.

Discussion
==========

We previously encountered a CN-II patient with a heterozygous nonsense mutation and proposed that the manifestation of CN-II was caused by a dominant-negative mechanism, as UGT1A1 has been shown to form an oligomer.^[@bib11]^ Here we further analyzed the UGT1A1-p.Q331X derived from this patient and found that it colocalized with UGT1A1 in the ER. We also demonstrated for the first time that UGT1A1 is a dimer using AFM.

UGT1A1 was initially suspected to form a homo-tetramer based on UV-radiation inactivation analysis.^[@bib18]^ We previously expressed the truncated and intact UGT1A1 in COS 7 cells and found that the resulting UGT had 6% of the original wild-type UGT activity.^[@bib11]^ From these results, we proposed that a hetero-oligomer containing both intact and truncated UGT1A1 functions as a dominant-negative mutant resulting in reduced UGT activity. Our present observation using AFM showed that UGT1A1 formed a dimer under our experimental conditions. Abnormal proteins synthesized within the ER are usually degraded after their detection by the endoplasmic reticulum-associated protein degradation system in the ER. The Gunn rat carries a homozygous nonsense mutation in the C-terminal region resulting in a truncated UGT1A1, which lacks 126 amino-acid residues. Although the half-life of normal UGT1A1 is 10 h, that of the isoform present in the Gunn rat is 50 min, suggesting that the mutant UGT1A1 is rapidly degraded by the endoplasmic reticulum-associated protein degradation system.^[@bib19]^ In contrast, the UGT1A1-p.Q331X in the present study appeared to exist in the ER without undergoing degradation. Observations using fluorescence microscopy showed that UGT1A1-p.Q331X colocalized with the intact UGT1A1 in the ER, strongly supporting our hypothesis that CN-II results from a dominant-negative effect caused by the formation of a complex of intact UGT1A1 and UGT1A1-p.Q331X in the ER.

Proteins present within/on the ER generally have an ER retention signal of KXKXX or KKXX at the carboxyl terminal end. The ER retention signal is no longer expressed in the truncated UGT1A1-p.Q331X, indicating that this mutant would not be expected to localize to the ER. However, UGT1A1-p.Q331X was found in the microsomal fraction using subcellular fractionation, suggesting that UGT1A1-p.Q331X is still localized in the ER. When we expressed UGT1A1-p.Q331X solely in 293T cells, in which UGT1A1 is scarcely expressed, it was observed in the ER ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), thus confirming that the ER retention signal was not required for UGT1A1-p.Q331X to localize to the ER. These findings collectively indicate that UGT1A1-p.Q331X exists in the ER as a hetero-oligomer with an intact UGT1A1 and/or as a homo-oligomer. Recently, UGT1A1 was found to have two isoforms (isoforms 1 and 2) that form a hetero-oligomer with reduced UGT activity.^[@bib20]^ Isoform 2 lacks the C-terminal region, similar to our UGT1A1-p.Q331X, supporting our hypothesis that CN-II is caused by a dominant-negative mutation.

The findings presented here strongly suggest that UGT1A1-p.Q331X localizes to the ER as a heterologous complex of intact UGT1A1 and UGT1A1-p.Q331X, resulting in a dominant-negative suppression of the UGT activity.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies the paper on Journal of Human Genetics website (http://www.nature.com/jhg)

Supplementary Material {#sup1}
======================
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Click here for additional data file.

![Structural diagram of intact UGT1A1 and UGT1A1-p.Q331X. Most of the UGT1A1 enzyme localizes within the ER lumen except for the carboxyl-terminus, which remains in the cytoplasm. Within the intra-luminal part of the molecule, 152--180 amino acids were proposed to be a trans-membrane region (TR) using the RAOARGOS computer program. In UGT1A1-p.Q331X a C to T transition at nucleotide 991 results in the generation of a premature stop codon. In this mutant, the N-terminal region is normal, containing a signal peptide (SP) and a dimerization domain (DD), but the C-terminal region, which contains the catalytic region (CR), trans-membrane region (TR) and the ER retention signal sequence (ES), is deleted. A full color version of this figure is available at the *Journal of Human Genetics* journal online.](jhg2013138f1){#fig1}

![UGT1A1 binds to UGT1A1 or UGT1A1-p.Q331X. (**a**) UGT1A1 binds to UGT1A1 *in vitro*. Lane 1: His-UGT1A1 and MBP-UGT1A1 expressed in *E. coli* strain BL21 (DE3). Lane 2: SDS eluate of His-bound Ni^2+^ beads following incubation with MBP-UBT1A1. Lane 3: SDS eluate of His-UGT1A1-bound Ni^2+^ beads following incubation with MBP-UGT1A1. (**b**) UGT1A1 dimerization analysis using AFM. In some of the particles the right-hand side in the dimer was larger than the left-hand side. This configuration may have been caused when the buffer was evaporated by helium gas. (**c**) UGT1A1 binds to UGT1A1-p.Q331X *in vitro*. Lane 1: His-UGT1A1-p.Q331X and MBP-UGT1A1 expressed in *E. coli* strain BL21 (DE3), Lane 2: SDS eluate of His-bound Ni^2+^ beads following incubation with MBP-UGT1A1, Lane 3: SDS eluate of His-UGT1A1-p.Q331X-bound Ni^2+^ beads following incubation with MBP-UGT1A1. The Ni^2+^ pull-down assay was performed using His-UGT1A1 or His-UGT1A1-p.Q331X as the bait. Eluates were analyzed by SDS-PAGE followed by western blotting using a polyclonal anti-UGT1A1 antibody. A full color version of this figure is available at the *Journal of Human Genetics* journal online.](jhg2013138f2){#fig2}

![Colocalization of EGFP-UGT1A1 and UGT1A1-p.Q331X-mKate2 in HEK293T cells. (**a**) Colocalization of EGFP-UGT1A1 and UGT1A1-p.Q331X-mKate2. HEK293T cells were cotransfected with EGFP-UGT1A1 and UGT1A1-p.Q331X-mKate2 expression constructs. EGFP-UGT1A1 and UGT1A1-p.Q331X-mKate2 expressions were observed using fluorescence microscopy. (**b**) Cut-mask image. The cut-mask area shows only the colocalized pixels in the image by removing the non-overlapping and background pixels using the Zen software.](jhg2013138f3){#fig3}

![Subcellular localization of EGFP-UGT1A1 and UGT1A1-p.Q331X-mKate2 in 293T cells. Subcellular localization of intact and truncated UGT1A1 determined by fractionating cell lysates from 293T cells expressing EGFP-UGT1A1 or UBT1A1-p.Q331X-mKate2, or both. Whole-cell extracts (W), pellets (P) and soluble cytosolic fractions (C) were analyzed using anti-UGT1A1, anti-GFP or anti-tRFP antibodies. Anti-H3, anti-Calnexin and anti-Tubulin were used as positive control markers for the microsomal and cytosolic fractions.](jhg2013138f4){#fig4}

![Fluorescence photobleaching of EGFP, EGFP-UGT1A1 and UGT1A1-p.Q331X-Venus. HEK293T cells expressing EGFP (**a**), EGFP-UGT1A1 (**b**) or UGT1A1-p.Q331X-Venus (**c**) were subjected to photobleaching and the fluorescence recovery after photobleaching recoveries were determined. Figures show the mobility of the EGFP, EGFP-UGT1A1 or UGT1A1-p.Q331X-Venus molecules. Images were captured using an LSM5 33 EXCITER confocal microscope (Carl Zeiss). Excitation was performed at 488 (514) nm to visualize EGFP (Venus) using LP505 (530) nm emission filters. Fluorescence recovery after photobleaching was performed using the region of interest, 2 μm in diameter, and four bleaching iterations. Graphic imaging was processed with the Zen software. A full color version of this figure is available at the *Journal of Human Genetics* journal online.](jhg2013138f5){#fig5}
